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ABSTRACT
We constrain the proper motions of five OB stars associated with candidate stellar wind bow
shocks in the Carina Nebula using HST ACS imaging over 9–10 year baselines. These proper
motions allow us to directly compare each star’s motion to the orientation of its candidate bow
shock. Although these stars are saturated in our imaging, we assess their motion by the shifts
required to minimize residuals in their Airy rings. The results limit the direction of each star’s
motion to sectors less than 90◦ wide. None of the five stars are moving away from the Carina
Nebula’s central clusters as runaway stars would be, confirming that a candidate bow shock
is not necessarily indicative of a runaway star. Two of the five stars are moving tangentially
relative to the orientation of their candidate bow shocks, both of which point at the OB clus-
ter Trumpler 14. In these cases, the large-scale flow of the interstellar medium, powered by
feedback from the cluster, appears to dominate over the motion of the star in producing the
observed candidate bow shock. The remaining three stars all have some component of motion
toward the central clusters, meaning that we cannot distinguish whether their candidate bow
shocks are indicators of stellar motion, of the flow of ambient gas, or of density gradients in
their surroundings. In addition, these stars’ lack of outward motion hints that the distributed
massive-star population in Carina’s South Pillars region formed in place, rather than migrating
out from the association’s central clusters.
Key words: H ii regions – open clusters and associations: individual: Carina Nebula – proper
motions – stars: early-type – stars: kinematics and dynamics
1 INTRODUCTION
Feedback from massive stars impacts their surroundings on
scales ranging from the shaping of their immediate circumstellar
environment to the reionization of the universe. Stellar wind
bow shocks, falling on the former end of that scale, provide
important information about a star’s history and environment.
Bow shocks are produced when the relative velocity between
a star and the surrounding interstellar medium (ISM) is super-
sonic (Baranov et al. 1971; van Buren & McCray 1988). They
typically appear as arc-shaped features in optical line emission
(e.g., Kaper et al. 1997; Bally et al. 2000; Brown & Bomans
2005; Brownsberger & Romani 2014) and/or thermal in-
frared continuum emission from dust (e.g., van Buren et al.
1995; Noriega-Crespo et al. 1997; Comerón & Pasquali
2007; France et al. 2007; Gáspár et al. 2008; Peri et al. 2012;
Winston et al. 2012; Kobulnicky et al. 2016). These features mark
the sweeping-up of ambient material between the stellar wind
termination shock and a second shock from the supersonic motion.
⋆ E-mail: mbagley@email.arizona.edu
The orientation of the bow shock arc depends on the direction of
the relative motion, although it can be skewed by density gradients
in the environment (Wilkin 2000). The arc’s standoff distance from
the star depends on the pressure balance between the stellar wind
and the ISM and hence on the magnitude of their relative motion
and the density of the ISM. Bow-shock-like structures may also
be produced where dust in a photoevaporative flow is stalled by
radiation pressure rather than the stellar wind (Ochsendorf et al.
2014a,b; Ochsendorf & Tielens 2015; Ochsendorf et al. 2015).
The asymmetric stellar wind bubbles of slower-moving stars may
also have a similar appearance in the mid-infrared (Mackey et al.
2015, 2016).
Arc-shaped structures around massive stars have commonly
been considered a marker of high stellar velocities, under the
assumption that the relative motion between star and ISM is dom-
inated by the absolute motion of the star (van Buren et al.
1995; Kaper et al. 1997; Gvaramadze & Bomans 2008;
Gvaramadze et al. 2010; Kobulnicky et al. 2010; Gvaramadze et al.
2011a,b). The typical velocity of an O-type star relative to its
surroundings is ∼ 10 km s−1 (Blaauw 1961; Cruz-González et al.
1974; Gies & Bolton 1986; Tetzlaff et al. 2011), comparable to
c© 2017 The Authors
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the speed of sound in an H ii region, but 20–30% of O-type
stars are “runaways” with velocities & 40 km s−1 (Blaauw 1961;
Cruz-González et al. 1974; Stone 1991; Tetzlaff et al. 2011). The
high speeds of runaway stars are imparted through dynamical
interactions in a cluster (Poveda et al. 1967; Gies & Bolton 1986;
Fujii & Portegies Zwart 2011), through the disruption of a binary
system when the companion star explodes as a supernova (Blaauw
1961), or through a two-step scenario involving both processes
(Pflamm-Altenburg & Kroupa 2010). Runaways make up 50–
100% of field O-type stars, the O-type population found outside
clusters and associations (de Wit et al. 2005; Schilbach & Röser
2008; Gvaramadze et al. 2012).
The question of whether all field O-type stars are runaways, or
whether a small fraction formed in isolation, is of key importance
to our understanding of massive star formation. The monolithic
collapse model (McKee & Tan 2003; Krumholz et al. 2005, 2009)
permits truly isolated massive star formation, albeit rarely, while
the competitive accretion model (Zinnecker 1982; Bonnell et al.
2001a,b, 2004) requires that massive stars form exclusively in clus-
ters. In observational studies, the presence of a bow shock or can-
didate bow shock is sometimes taken as a clue that a given mas-
sive field star did not form in situ. For example, HD 48229 and
HD 165319 were part of the 4 ± 2% of all O-type stars identified
by de Wit et al. (2004, 2005) as likely candidates for isolated mas-
sive star formation. Bow shocks were later discovered around both
sources (Gvaramadze & Bomans 2008; Gvaramadze et al. 2012),
calling into question their origins in the field.
While 70% of bow shocks and bow-shock-like structures are
located in relatively isolated environments consistent with run-
away stars (Kobulnicky et al. 2016), the rest are found around
OB stars in clusters and associations. These stars have some-
times been interpreted as runaway interlopers from other regions
(Gvaramadze et al. 2011a). However, the assumption that the mo-
tion of the ambient ISM is negligible relative to that of the star may
not always be valid, particularly in and around giant H ii regions.
In many cases, bow shock orientations suggest that feedback-
driven ISM flows are relevant. Povich et al. (2008) observed that
bow shocks in the massive star-forming regions M17 and RCW
49 are oriented toward those regions’ central clusters, suggesting
that global expansion of the H ii regions is the dominant com-
ponent of the relative star–ISM velocity. Similarly, several bow
shocks in Cygnus OB2 point toward the association’s interior
(Kobulnicky et al. 2010), as do more than half of the candidate
bow shocks in the Carina Nebula (Smith et al. 2010b; Sexton et al.
2015). The Galactic Plane survey of Kobulnicky et al. (2016) found
that roughly 15% of infrared bow shocks are pointed at H ii regions,
while another 8% face bright-rimmed clouds; they also noted that
bow shock orientations are correlated on small scales, indicative of
the influence of external forces. Povich et al. (2008) refer to such
feedback-facing bow shocks as “interstellar weather vanes,” trac-
ing photoevaporative flows off local dense gas and/or large-scale
gas motions driven by cluster feedback. Kobulnicky et al. (2016)
call them “in-situ bow shocks,” reflecting their origin around pre-
sumably non-runaway OB stars.
When the motion of the star dominates over the motion of the
surrounding ISM, as it does for runaway stars, the bow shock is ex-
pected to point in the direction of the star’s motion. van Buren et al.
(1995) surveyed bow shocks around known runaway stars and
found that the bow shocks were preferentially aligned with their
host stars’ proper-motion vectors. However, they used proper mo-
tions measured in an absolute reference frame, not corrected for
Galactic rotation and solar peculiar motion and thus not neces-
sarily representative of a star’s motion relative to the surrounding
ISM. More recent surveys by Peri et al. (2012, 2015), again of bow
shocks around known runaways stars, did correct proper motions
for Galactic rotation and noted a similar, albeit qualitative, tendency
for alignment. Individual runaway stars are also often observed to
be moving in the direction of their bow shocks (e.g., Moffat et al.
1998, 1999; Comerón & Pasquali 2007). But what about bow shock
around stars that have not already been identified as runaways?
Kobulnicky et al. (2016) compiled a sample of bow shocks without
any selection on their host stars’ kinematics. They found that more
than 50% of the host stars with significant measured proper motions
had velocity–bow shock misalignments of more than 45◦, although
again, they were working with absolute proper motions rather than
local. The relationship between stellar motion and bow shock ori-
entation for stars in clusters and associations remains largely unex-
plored.
To further investigate this relationship, we measure local
proper motions for five massive stars in the Carina Nebula (listed
in Table 1), each of which is associated with a candidate bow shock
from Sexton et al. (2015, which includes objects first identified by
Smith et al. 2010b). Smith et al. (2010b) and Sexton et al. (2015)
identified a total of 39 “extended red objects” (EROs) in the Ca-
rina Nebula. These EROs exhibit extended, often arc-shaped, mor-
phology in Spitzer Infrared Array Camera (IRAC) 8.0 µm images.
Nine of the Sexton et al. (2015) EROs are clearly resolved arcs and
are classified as morphological bow shock candidates; one of our
stars (ALS 15206) is associated with one of these sources (ERO 2).
Another eight of the Sexton et al. (2015) EROs lack resolved mor-
phologies at 8.0 µm but have infrared colors that rule out emission
from young stellar objects (YSOs) and polycyclic aromatic hydro-
carbons (PAHs). The remaining four of our stars are associated with
sources in this category, known as color bow shock candidates.
Our five target stars reside in the Carina Nebula: their vi-
sual magnitudes (see Table 1), spectral types, and extinctions
(Povich et al. 2011) confirm that they are unlikely to be foreground
or background objects. The Carina Nebula is home to nearly 70 O-
type and evolved massive stars (Smith 2006a), including some of
the earliest known O-type stars (Walborn et al. 2002a) and the lu-
minous blue variable η Carinae (Davidson & Humphreys 1997). At
2.3 kpc (Smith 2006b), it is one of the closest and least-extincted
massive star-forming regions. Its two central clusters, Trumpler
(Tr) 14 and Tr 16, contain about half of its massive-star population.
The rest is spread across ∼30 pc, mostly in a region of ongoing star
formation known as the South Pillars (Smith et al. 2000). Emission-
line profiles show that feedback from the central clusters is driv-
ing the expansion of multiple shells of ionized gas (Damiani et al.
2016), resulting in a global expansion of the H ii region at ±15–
20 km s−1 (Walborn & Hesser 1975; Walborn et al. 2002b, 2007).
It is easy to envision that the inward-facing orientations of many
of Carina’s candidate bow shocks are the result of this supersonic,
feedback-driven ISM expansion (Sexton et al. 2015) or that they
are shaped by interaction with dense photoevaporative flows. Here,
we explore whether those interpretations are valid and to what de-
gree these bow shocks are shaped by the motion and structure of
the ISM versus the motion of their driving stars.
The organization of this paper is as follows: In Section 2, we
describe our multiepoch Hubble Space Telescope (HST) observa-
tions, our image alignment procedure, and our method for measur-
ing proper motions. We present our results and compare the stellar
motions to the orientations of their associated bow shock candi-
dates in Section 3. Section 4 discusses the implications and limita-
tions of our results, and Section 5 summarizes our conclusions.
MNRAS 000, 1–13 (2017)
Proper motions of bow shock stars 3
Table 1. HST data log.
ERO Star ID R.A. Dec. Spectral V ACS Date 1 Exp. time 1 Date 2 Exp. time 2
No.a (J2000) (J2000) type (mag) field (s) (s)
2 ALS 15206 10:44:00.9 -59:35:46 O9.2 Vb 10.7d TR14 2005 Jul 17 2 × 500 2015 Jun 28 2 × 520
23 TYC 8626-2506-1 10:44:30.2 -59:26:13 O9 Vb 10.9e TR14 2005 Jul 17 2 × 500 2015 Jun 28 2 × 520
24 CPD-59 2605 10:44:50.4 -59:55:45 B1 Vc 11.1f POS27 2006 Mar 18 2 × 500 2015 Mar 12 2 × 560
25 HDE 305533 10:45:13.4 -59:57:54 B1 Va 10.6f POS26 2006 Mar 16 2 × 500 2015 Mar 12 2 × 560
31 HD 93576 10:46:53.8 -60:04:42 O9.5 IVb 9.6d POS20 2006 Mar 15 2 × 500 2015 Mar 11 2 × 455
aFrom Sexton et al. (2015). dFrom Reed (2003).
bFrom Sota et al. (2014). eFrom Høg et al. (2000).
cFrom Vijapurkar & Drilling (1993). fFrom Massey & Johnson (1993).
2 OBSERVATIONS AND ANALYSIS
2.1 HST ACS Imaging
We have conducted a large-scale multiepoch survey of the Carina
Nebula using the Wide Field Camera (WFC) of HST’s Advanced
Camera for Surveys (ACS). All observations were made with the
F658N filter, which captures emission from Hα and [N ii] λ6584.
Our imaging coverage is shown in Figure 1, where each small rect-
angle is one orbit made up of three overlapping pairs of CR-SPLIT
exposures. Orbital pointings were designed to target features of par-
ticular interest in star formation (pillars, Herbig-Haro objects, etc.)
as well as the central Tr 14 and Tr 16 clusters. The pointings in Fig-
ure 1 are labelled according to their designations in the HST data
archive.
The first epoch of our ACS observations was taken in 2005–
2006 (GO-10241 and GO-10475, PI: N. Smith; see Smith et al.
2010a). The same set of observations was repeated in 2014–2015
(GO-13390 and GO-13791, PI: N. Smith). This second epoch was
designed to replicate the first as closely as possible in pointing and
position angle in order to minimize position-dependent systemic er-
rors when measuring proper motions. Owing to changes in the HST
Guide Star Catalog between epochs, we were unable to duplicate
the orientation angle of the central segment of the Tr 14 mosaic
(marked in orange in Figure 1) and of Positions 25 and 30. Those
observations were rotated by ∼180◦.
Also marked in Figure 1 are the locations of EROs from
Sexton et al. (2015). Our survey serendipitously imaged the stars
associated with seven EROs. However, as discussed below, we were
unable to constrain the proper motions of the two ERO-associated
stars in the central part of the Tr 14 mosaic (the part for which the
orientation angle changed beween epochs), leaving us with a sam-
ple of five. Full details of the observations of each of these five stars
are given in Table 1.
2.2 Image Alignment and Stacking
Our image alignment procedure, which adapts the methods of
Anderson et al. (2008a,b), Anderson & van der Marel (2010), and
Sohn et al. (2012), is described in detail in Reiter et al. (2015a,b)
and Kiminki et al. (2016). In summary, we find the positions
of uncrowded, unsaturated stars in individual exposures and use
those positions to relate each image to a master, distortion-
free reference frame. We use the program img2xym_WFC.09x10
(Anderson & King 2006), which uses an array of effective point
spread functions (PSFs) and has the option to fit a spatially con-
stant perturbation PSF to account for telescope breathing and other
focus changes. The measured stellar positions were then corrected
for geometric distortion (Anderson 2006).
A master reference frame with a pixel scale of 50 mas was
constructed for each orbital pointing, aligned with north in the +y
direction. The six overlapping images from each epoch of a given
pointing were stacked into two reference-frame master images (one
per epoch) using the stacking algorithm of Anderson et al. (2008a).
Object positions in the master images are directly comparable be-
tween epochs to an alignment accuracy of approximately 1 mas
(∼ 1 km s−1 over a 9–10 year baseline at the distance of the Ca-
rina Nebula). We found that including a perturbation PSF in fitting
stellar positions did not improve the alignment precision, but we
address other possible effects of HST focus changes in Section 2.3.
In all cases, the master reference frames are not tied to an ab-
solute proper-motion zero point. Instead, the zero point is based
on the average motion of several hundred well-measured stars in
the image. In other words, the bulk motion of the Carina Nebula
is removed, as are smaller differences in the large-scale motion of
Carina’s clusters and subclusters. Features that are locally station-
ary, like bow shocks, are expected to be stationary in our reference
frames, allowing direct measurement of the motion of stars relative
to their surroundings.
2.3 Measuring Local Proper Motions of Saturated Stars
With the images from two epochs on the same reference frame,
measuring local proper motions for unsaturated stars in our stacked
images is as simple as comparing their PSF-derived positions be-
tween epochs. However, most of the OB stars observed, including
those associated with candidate bow shocks, are saturated in our
ACS images (which were all ∼500 s long). We were unable to re-
construct the PSF core to perform traditional astrometry. Instead,
we used the positions of the extended Airy rings, which are clearly
visible for these stars in these deep, high-resolution images. The
left column of Figure 2 shows the first-epoch image of all five ERO-
associated stars for which we measured proper motions.
As marked in Figure 2, we identified four regions in the outer
PSF of each star, avoiding diffraction spikes, saturation bleeding,
and close companions. We then found the pixel offset in x (west-
east) and y (north-south) by which the first epoch needed to be
shifted in order to minimize the sum over those four regions of the
absolute value of the flux difference between epochs. The best-fit
offset was computed using the AMOEBA algorithm, the IDL imple-
mentation of the downhill simplex function minimization method
(Nelder & Mead 1965; Press et al. 1992). AMOEBA requires an in-
put estimate. As recommended by Press et al. (1992), we run the
algorithm twice, giving it a random starting estimate on the first
MNRAS 000, 1–13 (2017)
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Figure 1. Ground-based Hα image of the Carina Nebula from Smith et al. (2010a), with the positions of our HST ACS fields outlined in black and labelled by
their designations in the HST data archive. All fields were observed twice, with a 9–10 year baseline between epochs. The orange box indicates the portion of
our Tr 14 mosaic that could not be re-observed at the same position angle due to changes in the HST Guide Star Catalog between epochs. Extended red objects
(EROs) from Sexton et al. (2015) that fall inside our fields are marked with red stars and labeled with their ERO number; the red arrows show their measured
proper motions (Section 3) scaled to a travel time of 105 yr. The blue filled circles are EROs from Sexton et al. (2015) that fall outside our HST fields. The
approximate positions of the primary central clusters, Tr 14 and Tr 16, are outlined with dashed circles, as are the positions of Bochum 11 and Collinder 228,
two smaller clusters in the South Pillars region.
run and then starting the second run at the best-fit parameters of
the first. The resulting best-fit difference images (unshifted second
epoch minus best-fit shifted first epoch) are shown in the middle
column of Figure 2. Although the Airy rings do not disappear com-
pletely in the difference images, there are no systematic differences
in residual flux between quadrants. The best-fit offset for each star,
in pixels over the 9–10 year baseline, is plotted in the right column
of Figure 2.
This method does not produce accurate results for saturated
stars in fields that experienced significant rotation between epochs.
MNRAS 000, 1–13 (2017)
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Figure 2. Left: first-epoch ACS F658N images of five stars associated with candidate bow shocks in the Carina Nebula. The red boxes mark the sections of
the Airy rings used for fitting the offset between epochs. Middle: best-fit difference images (unshifted second epoch minus best-fit shifted first epoch) for each
star. Right: best-fit pixel offset between epochs with a 9–10 year baseline. The gray shaded regions mark the space of possible apparent offsets due to focus
changes.
The asymmetry of the ACS WFC PSF (Anderson & King 2006;
Mahmud & Anderson 2008) causes the flux distribution in the outer
PSF to be orientation-dependent. When the fields are rotated into
alignment, the asymmetric flux distribution introduces an appar-
ent shift of up to several pixels. Consequently, as mentioned in
Section 2.1, we were unable to measure the true shifts of the two
ERO-associated stars in the central part of our Tr 14 mosaic (see
Figure 1). These stars were removed from further analysis and are
not shown in Figure 2; our final sample consists of the five ERO-
associated stars listed in Table 1.
To characterize the uncertainties in our fits, we ran several dif-
ferent tests. First, we adjusted the size and placement of the boxes
used to calculate the residuals, then refit. These adjustments proved
to have a negligible effect on the resulting best-fit offset. Second,
we repeated the full fitting process 100 times and measured the
standard deviation among the results. These ranged from 0.03 to
0.4 pixels depending on the star. Finally, we applied 100 random
[x,y] offsets to the first-epoch images and repeated the full fitting
process again for each, to determine how well we could recover
the expected (artificial + true) offsets. The standard deviation in the
offsets recovered via this approach ranged from 0.04 to 0.23 pixels.
MNRAS 000, 1–13 (2017)
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Figure 2 – continued
For each star, we adopt the greater of the two uncertainty values as
the formal uncertainty.
Changes in HST focus from both short-term thermal breathing
and long-term non-thermal effects (e.g., Cox & Lallo 2012) could
induce an apparent offset between epochs by redistributing flux in
the PSF. To evaluate the magnitude of this effect, we downloaded
a Tiny Tim model PSF (Krist et al. 2011) for each star, at its ob-
served chip position, for the appropriate focus value taken from
the HST focus model (di Nino et al. 2008; Niemi & Lallo 2010;
Cox & Niemi 2011). The true shift between “epochs” of Tiny Tim
models is zero, so any measured shift would be a false positive. We
ran the pair of Tiny Tim models for each star through our fitting
procedure and measured apparent offsets of 0.035 to 0.22 pixels,
which are illustrated by the shaded gray regions in the third column
of Figure 2. In most cases, the focus-induced shifts are small and/or
distributed roughly evenly about the origin. For HDE 305533 (ERO
24), however, the focus changes induced a systematic −x,+y offset.
Removing this shift would reduce the magnitude of the observed
proper motion of HDE 305533 by roughly half, but would have
only a small effect on its direction of motion.
3 RESULTS
As the plots in the right column of Figure 2 demonstrate, each of the
five stars associated with candidate bow shocks traveled no more
than ∼0.5 pixels (25 mas) in any direction over their 9–10 year
baselines. The measured pixel offsets are given in Table 2 along
with the corresponding proper motion components, the total trans-
verse velocity, and the position angle of the proper motion vector.
The best-fit local transverse velocities range from 16 to 35 km s−1;
the red arrows in Figure 1 show the expected travel distances over
105 yr. However, the uncertainties on most of the measured veloc-
ities are relatively large: most of the stars have motion consistent
with zero within 1–2 σ. Only HD 93576 has motion significant at
the 3σ level, in the x direction, although it has negligible y (north–
south) motion. We argue in Section 4.1 below that the true proper
moions are likely on the smaller side of the allowed ranges. Even
so, the results for all five stars constrain their directions of motion
to sectors less than 90◦ wide.
In Figure 3, we compare the local proper motions of the stars
to the orientations of their associated candidate bow shocks. The
latter were determined by Sexton et al. (2015) based on the peaks
of the 8.0 µm flux. (ERO 25, associated with HDE 305533, does
not have a measured orientation.) In these three-color Spitzer IRAC
images, the candidate stellar wind bow shocks appear as extended
red (8.0 µm) features, while nearby stars are prominent in blue (3.6
µm) and green (4.5 µm). We indicate the stars’ motions with white
arrows (lengths arbitrarily scaled for visiblity) and show the range
of possible directions with dotted white lines. The orientations of
the candidate bow shocks, where known, are denoted by cyan ar-
rows, and the outer yellow arrows show the directions to the various
OB clusters.
The uppermost panels in Figure 3 show ALS 15206 (with
ERO 2 from Sexton et al. 2015) and TYC 8626-2506-1 (ERO 23).
Both of these stars are closer to Tr 14 than to Tr 16 (see Figure
MNRAS 000, 1–13 (2017)
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Figure 3. Composite three-color Spitzer IRAC images of the five OB stars and their associated candidate bow shocks (blue = 3.6 µm, green = 4.5 µm, red =
8.0 µm). The white arrows indicate the direction of the best-fit proper motion of each star, with the dotted white lines bracketing the ±1σ range of directions.
The cyan arrows highlight the orientation of the candidate bow shock, i.e., the direction from the star to the peak of the 8.0 µm emission, where measured by
Sexton et al. (2015). Also indicated are the directions to Tr 14 and Tr 16, the largest OB clusters in the Carina Nebula, and to the smaller clusters Bo 11 and
Cr 228.
MNRAS 000, 1–13 (2017)
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Table 2. Local proper motions of stars associated with candidate bow shocks.
ERO No. Star ID δx δy µα cos δ µδ vT
a Position angle
(pixels) (pixels) (mas yr−1) (mas yr−1) (km s−1) (deg E of N)
2 ALS 15206 -0.39 (0.16) 0.35 (0.28) 2.0 (0.8) 1.8 (1.4) 29 (17) 48 (25)
23 TYC 8626-2506-1 -0.27 (0.29) -0.45 (0.39) 1.4 (1.4) -2.3 (2.0) 29 (27) 149 (35)
24 CPD-59 2605 0.36 (0.37) 0.46 (0.20) -2.0 (2.1) 2.5 (1.1) 35 (25) 322 (31)
25 HDE 305533 -0.39 (0.18) 0.40 (0.19) 2.2 (1.0) 2.2 (1.1) 34 (16) 45 (19)
31 HD 93576 0.26 (0.04) 0.04 (0.07) -1.4 (0.2) 0.2 (0.4) 16 ( 5) 279 (15)
Uncertainties for each quantity are listed in parentheses.
aTotal transverse velocity, assuming a distance of 2.3 kpc.
1), both are associated with candidate bow shocks pointing at Tr
14, and both have proper motions directed tangentially to the ori-
entation of their candidate bow shocks. The radial velocity of ALS
15206 is poorly constrained, as it is a probable spectroscopic bi-
nary (Kiminki et al. in preparation), but is consistent with being
drawn from the radial velocity distribution of Tr 14 (Penny et al.
1993; García et al. 1998; Kiminki et al. in preparation). No radial
velocity data exist for TYC 8626-2506-1. Thus based on the proper
motions of their associated stars, the relative motion shaping EROs
2 and 23 appears to be dominated by the motion of the surround-
ing ISM, expanding outward from Tr 14. Unseen density gradients
may also play a role, but the motion of the stars themselves do not
look to be influencing the directions of these candidate bow shocks.
They may truly be acting as “weather vanes,” tracing the large-scale
flows of the ISM.
The middle row of Figure 3 shows CPD-59 2605 (ERO 24)
and HDE 305533 (ERO 25). These stars’ candidate bow shocks are
not arc-shaped at IRAC resolutions; Sexton et al. (2015) were able
to measure an orientation for ERO 24 but not for ERO 25. Both
stars are in Carina’s South Pillars region, and are roughly 7.5 pc
northeast of the nominal center (Wu et al. 2009) of the sparse open
cluster Cr 228. ERO 24 points north toward Tr 16, suggesting that it
is influenced by feedback-driven outflows. However, its associated
star (CPD-59 2605) has a local proper motion to the northwest,
consistent with the orientation of the candidate bow shock within
the uncertainties. It is thus not possible to distinguish between the
effects of ISM flows and stellar motion in the case of ERO 24, as
both may be relevant to shaping that feature. No radial velocity data
exist for CPD-59 2605.
Relative to its surroundings, HDE 305533 (ERO 25) is moving
to the northeast, away from the WNH star HD 93131 and the small
group of late O-type stars that make up the center of Cr 228. Its path
hints at an ejection from Cr 228, although at its observed speed it
would have covered the 7.5 pc from Cr 228 in just 220,000 yr (but
see discussion in Section 4.1 below on the likelihood that our mea-
sured proper motions are upper limits). The age and extent of Cr
228 are also poorly constrained, as it has often been considered an
extension of Tr 16 (Walborn 1995; Smith & Brooks 2008), while
X-ray data show it to be a discrete collection of groups and sub-
clusters without a clear center (Feigelson et al. 2011). The origin
of HDE 305533 is therefore not clearly evident. Its radial velocity
(-18 km s−1; Levato et al. 1990) is typical for the massive stars in
Cr 228 and the South Pillars region (Levato et al. 1990; Kiminki
et al. in preparation) and comparable to the radial velocity of the
surrounding gas pillars (Rebolledo et al. 2016).
Finally, the bottom panel of Figure 3 shows HD 93576, the
binary system (Levato et al. 1990) associated with ERO 31. HD
93576 lies on the outskirts of the small open cluster Bochum 11
(Bo 11), located in the southeastern part of the South Pillars. Bo
11 is home to an estimated 1000 stars (Dias et al. 2002), includ-
ing the O5 supergiant HD 93632 (Sota et al. 2014) and three ad-
ditional O-type stars besides HD 93576. Photometric analysis in-
dicates that the cluster is 3–5 Myr old (Fitzgerald & Mehta 1987;
Patat & Carraro 2001; Preibisch et al. 2011); the presence of an
O5I star suggests that 3 Myr is more likely. As Figure 3 shows,
the proper motion vector of HD 93576 is closely aligned with the
orientation of its candidate bow shock, which in turn points nearly
directly away from the center of Bo 11. This configuration suggests
that HD 93576 was ejected from Bo 11 and that its subsequent su-
personic motion produced the observed candidate bow shock. Its
systemic radial velocity (-8 km s−1; Kiminki et al. in preparation) is
commensurate with the radial velocities of the other massive mem-
bers of Bo 11 (Levato et al. 1990; Kiminki et al. in preparation)
and the nearby dense gas (Rebolledo et al. 2016). But its observed
proper motion (15 km s−1) and current position (1.9 pc from the
center of Bo 11) indicate an ejection date just 130,000 yr ago. Per-
haps HD 93576 was ejected 2–3 Myr after the formation of Bo 11
(possible; see Oh & Kroupa 2016). Alternately, it could have origi-
nated outside the Carina Nebula and have a coincidental agreement
in radial velocities, or the magnitude of its proper motion could be
smaller than measured (see discussion in Section 4.1). In addition,
its candidate bow shock is also generally directed toward the inte-
rior of the Carina Nebula, so a contribution from ISM flows driven
by cluster feedback cannot be ruled out regardless of the origin of
the star.
4 DISCUSSION
4.1 Proper Motions as Upper Limits
For four of the five candidate bow shock host stars in our sam-
ple, we measure local proper motions of ∼30 km s−1, with as-
sociated uncertainties of > 15 km s−1. (This total includes HDE
305533, whose observed motion may include a contribution from
focus changes as described in Section 2.3.) Several lines of reason-
ing support the interpretation of these measured velocities as upper
limits, with the true proper motions lying on the small side of the al-
lowed range. First, the typical velocity of an O-type star relative to
its surrounding is ∼ 10 km s−1 (Blaauw 1961; Cruz-González et al.
1974; Gies & Bolton 1986; Tetzlaff et al. 2011). Of course, the
stars in our sample are arguably not typical, given their associa-
tion with candidate dusty bow shocks. Space velocities of 30 km
s−1 may qualify them as runaway stars, depending on the choice of
runaway classification criteria. None of the five stars measured here
are moving with trajectories that could have originated in Tr 14 or
Tr 16, although HDE 305533 (ERO 25) and HD 93576 (ERO 31)
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may have come from the smaller open clusters Cr 228 and Bo 11,
respectively. An object moving at 30 km s−1 would cover 60 pc in 2
Myr (the average estimated age of Tr 14/16; Walborn 1995; Smith
2006a; Preibisch et al. 2011), and these stars are all significantly
closer than that to any possible clusters of origin in the Carina Neb-
ula. It is possible that all four of the stars with measured proper
motions of ∼30 km s−1 were ejected more recently, but that sce-
nario would still not explain their directions of motion. Similarly,
it is possible that all four are interlopers in the Carina Nebula, orig-
inating from another cluster, but the chance of encountering four
such stars in our small sample is low. And as described in Section
3, the radial velocities of our sample stars, where available, agree
with the radial motions of the surrounding stars and gas, consistent
with more local origins.
In addition, speeds of 30 km s−1 are inconsistent with the
relative star–ISM velocities computed for Carina’s candidate bow
shocks by Sexton et al. (2015). The pressure balance governing a
standard bow shock makes it possible to estimate the relative star–
ISM velocity as a function of measured standoff distance by mak-
ing reasonable assumptions about stellar wind velocity, mass-loss
rate, and ISM density. Sexton et al. (2015) measured the standoff
distances of nine EROs in the Carina Nebula and found an average
star–ISM velocity of 17 km s−1. For ERO 2 (associated with ALS
15206), the relative star–ISM velocity was a barely-supersonic 7
km s−1. Similar relative velocities for bow shocks in the mas-
sive star-forming region RCW 38 were reported by Winston et al.
(2012). These numbers have substantial uncertainties due to the as-
sumptions that go into their calculation, but they still suggest some-
what lower stellar velocities. Consider ERO 2 (ALS 15206): The
orientation of the candidate bow shock indicates that the direction
of the highest relative star–ISM velocity is to the northwest. We
have measured that ALS 15206 is moving to the northeast, tangen-
tial to its candidate bow shock. If the relative star–ISM velocity in
the direction of the candidate bow shock is on the order of 7 km s−1,
the relative star–ISM velocity in a different direction cannot be sub-
stantially higher than that, although the picture may be complicated
if there are density gradients in the ISM.
For these reasons, it is unlikely that the measured stars asso-
ciated with candidate bow shocks are moving as fast as 30 km s−1
relative to their surroundings. The local proper motions given here
should thus be treated as upper limits. HD 93576 may be an ex-
ception, as its westward motion is measured at 3σ significance (but
this raises questions about its possible origin in Bo 11, as discussed
in Section 3).
4.2 Comparison to Absolute Proper Motions
All five of the stars in our sample have proper motions listed
in the USNO CCD Astrograph Catalog (UCAC4; Zacharias et al.
2013), and ALS 15206, TYC 8626-2506-1, and HD 93576 also
have proper motions in the Tycho-2 Catalogue (Høg et al. 2000)
and Gaia Data Release 1 (DR1; Gaia Collaboration et al. 2016a,b;
Lindegren et al. 2016). (Note that Tycho-2 and Gaia DR 1 are not
wholly independent measurements, as the latter incorporates po-
sitional information from the former.) The UCAC4, Tycho-2, and
Gaia DR1 proper motions are measured in an absolute reference
frame and are therefore not directly comparable to the local proper
motions measured here. We would expect to see a roughly constant
offset between these absolute proper motions and our local ones,
with that offset representing the bulk motion of the Carina Nebula
relative to the Sun. We plot the available absolute proper motions
for each star, along with our measured local proper motions, in Fig-
ure 4. Contrary to expectations, Figure 4 does not show a consis-
tent offset between local and absolute proper motions. The UCAC4
proper motions in particular do not follow any apparent trend rela-
tive to the local proper motions or the Tycho-2 and Gaia DR1 data.
The differences between catalogues suggest that there may be sys-
tematic effects in the literature measurements that are not taken into
account in the published uncertainties.
For further comparison, we correct the Gaia proper motions,
where available, to the rest frame of the Carina Nebula in two ways.
First, we formally correct for Galactic rotation and solar peculiar
motion, as in Moffat et al. (1998, 1999) and Comerón & Pasquali
(2007). We adopt Oort’s constants A = 15 ± 1 km s−1 kpc−1 and
B = −12 ± 1 km s−1 kpc−1 (Feast & Whitelock 1997; Elias et al.
2006; Bovy 2016) and components of the solar peculiar velocity
(U⊙,V⊙,W⊙) = (10 ± 1, 12 ± 1, 7 ± 1) km s
−1 (Feast & Whitelock
1997; Elias et al. 2006; Schönrich et al. 2010; Tetzlaff et al. 2011).
The corrected proper motions are plotted in Figure 5. For all three
stars, the corrected Gaia proper motions are ≤ 1.3 mas yr−1 (≤
14 km s−1), supporting our interpretation that these stars are not
runaways. The corrected Gaia proper motion of ALS 15206 (ERO
2) is, like our measured motion, directed to the northeast, tangential
to the orientation of its candidate bow shock. The corrected Gaia
motion of TYC 8626-2506-1 (ERO 23) is to the southwest, into
its candidate bow shock, although its 1σ uncertainties overlap with
those of our measured motion to the southeast. The corrected Gaia
motion of HD 93576 (ERO 31) is also consistent with our data,
although the Gaia results indicate a smaller velocity to the west,
suggesting a longer time since ejection from Bo 11.
We also perform an empirical correction to the local reference
frame: we compute the weighted mean proper motion of the 38
O-type stars in the Carina Nebula in Gaia DR1 (which is roughly
half the total O-type population of the region; e.g., Smith 2006a;
Gagné et al. 2011; Alexander et al. 2016) and subtract that from
the absolute Gaia proper motions of the three sample stars. The re-
sults are consistently ∼ 1.1 mas yr−1 (∼ 12 km s−1) offset from the
results of formally correcting for Galactic rotation and solar pecu-
liar motion. For ALS 15206 (ERO 2) and TYC 8626-2560-1 (ERO
23), the empirical correction brings the corrected Gaia proper mo-
tions into better agreement with our results. For HD 93576 (ERO
31), the empirical correction produces worse agreement with our
results and suggests that the star is moving to the east, away from
its candidate bow shock and toward Bo 11. The different parts of
the Carina Nebula may have different large-scale motions not prop-
erly accounted for in these corrections. Future Gaia data releases,
extending into Carina’s intermediate-mass population, will allow
more precise and locally-specific corrections to the local reference
frame.
4.3 Interpreting Bow Shocks in Giant H ii Regions
In our subsample of bow shock candidates in the Carina Nebula,
EROs 2 and 23 face the OB cluster Tr 14, while EROs 24 and 31
point more generally toward Tr 14 and 16. The majority of bow
shock candidates in the full Sexton et al. (2015) sample also point
in toward the clusters rather than out as would be expected for
runaway stars. Sexton et al. (2015) hypothesized that these candi-
date bow shocks are markers of large-scale ISM flows driven by
cluster feedback. The ionized gas in the Carina Nebula is known
to be globally expanding at 15–20 km s−1 (Walborn & Hesser
1975; Walborn et al. 2002b, 2007), with multiple local centers
of expansion including Tr 14 (Damiani et al. 2016). Feedback-
driven outflows are also thought to explain the orientations of bow
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Figure 4. Comparison of the local proper motion (filled black diamonds) of each star measured here to its absolute proper motion from UCAC4 (open blue
squares, Zacharias et al. 2013), the Tycho-2 Catalogue (filled orange stars, Høg et al. 2000), and Gaia Data Release 1 (open red circles, Gaia Collaboration et al.
2016a,b; Lindegren et al. 2016). (a) ALS 15206 (ERO 2); (b) TYC 8626-2506-1 (ERO 23); (c) CPD-59 2605 (ERO 24); (c) HDE 305533 (ERO 25); (e) HD
93576 (ERO 31).
Figure 5. Comparison of the local proper motions (filled black diamonds) measured here to proper motions from Gaia Data Release 1 (Gaia Collaboration et al.
2016a,b; Lindegren et al. 2016) that have been corrected to a local reference frame. Open red circles are the Gaia DR1 data corrected for Galactic rotation
and solar peculiar motion as described in Section 4.2; purple asterisks are the Gaia DR1 data corrected empirically by subtracting the mean proper motion of
O-type stars in the Carina Nebula. (a) ALS 15206 (ERO 2); (b) TYC 8626-2506-1 (ERO 23); (c) HD 93576 (ERO 31).
shocks in other massive star-forming regions (Povich et al. 2008;
Winston et al. 2012) and the correlation of bow shock orientations
on small angular scales (Kobulnicky et al. 2016). Our results are
broadly compatible with this interpretation, but they indicate that
the factors influencing a bow shock or bow-shock-like structure
cannot be deduced solely from its orientation.
The associated stars of EROs 2 and 23 are not moving in the
direction of their infrared arcs, which are thus likely shaped by
feedback from Tr 14. These two objects confirm that, at least in
this environment, apparent bow shock orientation does not always
follow stellar motion. In contrast, the associated stars of EROs 24,
25, and 31 are moving roughly toward Tr 14 and 16. Both stellar
motion and ISM flows could be relevant in setting the orientation of
these three candidate bow shocks, demonstrating that cluster-facing
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bow-shock-like structures are not necessarily clear markers of the
motion of the ISM.
Feedback may also be affecting bow shocks in giant H ii re-
gions in other ways besides large-scale outflows. For instance,
the pile-up of dust in bow shock arcs depends on the presence
of dust in the surrounding H ii region, as the hot winds of OB
stars do not make dust effectively. This dust may originate in pho-
toevaporative flows off nearby molecular pillars, driven globally
by ionizing radiation from the central clusters and locally by in-
dividual OB stars. Kobulnicky et al. (2016) found that eight per-
cent of bow shocks across the Galactic Plane face bright-rimmed
clouds, suggesting they are shaped by local photoevaporative flows.
The arc-shaped dust waves around σ and λ Ori are also thought
to be driven by photoevaporative flows off the edge of ionized
bubbles (Ochsendorf et al. 2014a,b; Ochsendorf & Tielens 2015;
Ochsendorf et al. 2015). Density gradients in the ISM can also af-
fect bow shock symmetries (Wilkin 2000) or create infrared arcs
via uneven heating.
We inspected Spitzer images of the Carina Nebula to assess
the relationship between Carina’s EROs, its molecular gas, and the
distribution of warm dust. There is a possible tendency for EROs
to be closer to dense pillars than expected from a random distri-
bution, but there is no correlation between ERO orientation and
the direction to the nearest pillar. ERO 31, for example, lies just
45′′ (∼0.5 pc) from the edge of a prominent pillar, but points al-
most directly away from it. Multiband Imaging Photometer (MIPS)
images at 24 µm reveal complex warm dust structures throughout
the nebula, including around EROs 24 and 31. However, the origin
and impact of these structures with respect to the EROs is unclear.
Higher-resolution mid-infrared imaging is required to tease out the
effects of density gradients and photoevaporative flows in shaping
Carina’s EROs.
In any case, our main result is unaffected: in a giant H ii region,
the orientation of bow-shock-like structures may be determined by
the ISM, by stellar motion, or by some combination of factors. It
is worth reiterating that none of the five stars in our study are run-
aways from Tr 14 or 16. While this result is unsurprising given
the orientation of their candidate bow shocks, it confirms that stars
with bow-shock-like structures are not automatically runaways.
The statistical preference for alignment between stellar motion and
bow shock orientation, particularly among known runaway stars
(van Buren et al. 1995; Kobulnicky et al. 2016) suggests that stel-
lar motion does dominate over ISM flows for bow shocks far from
feedback-generating clusters. But within associations, assump-
tions about the implications of bow shocks and bow-shock-like
structures (e.g., Kobulnicky et al. 2010; Gvaramadze et al. 2011a)
should be made with caution.
4.4 Implications for the Origins of OB Associations
The local proper motions of CPD-59 2605 (ERO 24), HD 305533
(ERO 25), and HD 93576 (ERO 31) can also shed light on the ori-
gins of the distributed massive-star population in the Carina Neb-
ula. Nearly half of Carina’s massive stars, including the WNH
star HD 93131, are spread across roughly 20 pc in the South
Pillars (Smith 2006a). Some of these massive stars are associ-
ated with small open clusters (Bo 11, Cr 228) and other groups
and subclusters of young stars (Smith et al. 2010b; Feigelson et al.
2011). However, Herschel imaging detected no massive proto-
stars in the region, suggesting that the ongoing star formation in
the South Pillars is limited to low- and intermediate-mass stars
(Gaczkowski et al. 2013).
In the classic picture of clustered star formation (e.g.,
Lada & Lada 2003), massive stars rarely form in a distributed mode
as seen in the South Pillars. Instead, massive stars are born in
clusters that may subsequently become unbound after gas disper-
sal and expand into OB associations (Tutukov 1978; Hills 1980;
Lada & Lada 1991, 2003). In this picture, one would expect the
Carina Nebula’s distributed massive stars to have formed in the cen-
tral Trumpler clusters and drifted out to their current locations over
several Myr.
Our proper motion results are inconsistent with this expecta-
tion, as all three of the massive South Pillars stars measured here
are moving toward the Trumpler clusters, not away. These stars’
kinematics suggest that they were born in the South Pillars, possi-
bly in one of the smaller open clusters, and support a model of star
formation in which OB associations form directly as loose aggre-
gates (e.g., Efremov & Elmegreen 1998; Clark et al. 2005). A sim-
ilar result has been observed for the Cyg OB2 association based on
its substructure and lack of global expansion (Wright et al. 2014,
2016). Further investigation of stellar kinematics in the South Pil-
lars is needed to confirm this interpretation of the Carina Nebula’s
distributed population.
5 CONCLUSIONS
Using HST ACS imaging with 9–10 year baselines, we have mea-
sured the local proper motions (i.e., relative to the surrounding
stars) of five OB stars associated with candidate bow shocks in the
Carina Nebula. Because these stars are highly saturated in our data,
we use precisely-aligned images to measure the shift in each star’s
Airy rings between epochs. The results are largely upper limits,
but we are able to constrain the direction of each star’s motion for
comparison to the orientation of its candidate bow shock.
Stellar wind bow shocks are formed when the relative velocity
between star and ISM is supersonic, but the bow shock alone does
not indicate which component of the relative velocity dominates.
Are bow shocks indicators of fast-moving runaway stars or do they
mark the large-scale flow of the ISM? In our sample of five, we
find two cases where the latter is likely the case, as the stars are
moving at a tangent to the arc of their candidate bow shocks. In
the other three cases, we conclude that the possible influences of
ISM flows, ISM structure, and stellar motion cannot be separated,
and that multiple factors could be relevant for each object. We con-
sequently caution against overinterpreting the orientation of bow
shocks and bow-shock-like structures in giant H ii regions like the
Carina Nebula.
In addition, none of the five stars measured here are runaways
from the central OB clusters of the Carina Nebula, although two
may have been ejected from smaller open clusters in the South Pil-
lars. This finding emphasizes that bow shocks and bow-shock-like
structures in giant H ii regions are not definite markers of runaway
stars. It also suggests that the distributed massive-star population
in the Carina’s South Pillars formed along with the distributed low-
and intermediate-mass population; the resulting OB association is
not the expanding remnant of an embedded cluster but a loose col-
lection of many small groups and clusters.
ACKNOWLEDGEMENTS
The authors would like to thank Jay Anderson for providing
us with his suite of PSF-fitting and image alignment software,
MNRAS 000, 1–13 (2017)
12 M. M. Kiminki et al.
and for his valuable instruction, guidance, and technical sup-
port. We also thank the anonymous referee for a constructive
review. Support for this work was provided by NASA grants
GO-13390 and GO-13791 from the Space Telescope Science
Institute, which is operated by the Association of Universities
for Research in Astronomy, Inc. under NASA contract NAS
5-26555. This work is based on observations made with the
NASA/ESA Hubble Space Telescope, obtained from the Data
Archive at the Space Telescope Science Institute. This work
has made use of data from the European Space Agency (ESA)
mission Gaia (http://www.cosmos.esa.int/gaia), processed
by the Gaia Data Processing and Analysis Consortium (DPAC,
http://www.cosmos.esa.int/web/gaia/dpac/consortium).
Funding for the DPAC has been provided by national institutions,
in particular the institutions participating in the Gaia Multilateral
Agreement.
REFERENCES
Alexander M. J., Hanes R. J., Povich M. S., McSwain M. V., 2016, AJ,
152, 190
Anderson J., 2006, in Koekemoer A. M., Goudfrooij P., Dressel L. L., eds,
The 2005 HST Calibration Workshop: Hubble After the Transition to
Two-Gyro Mode. p. 11
Anderson J., King I. R., 2006, Technical report, PSFs, Photometry, and As-
tronomy for the ACS/WFC. Space Telescope Science Institute
Anderson J., van der Marel R. P., 2010, ApJ, 710, 1032
Anderson J., et al., 2008a, AJ, 135, 2055
Anderson J., et al., 2008b, AJ, 135, 2114
Bally J., O’Dell C. R., McCaughrean M. J., 2000, AJ, 119, 2919
Baranov V. B., Krasnobaev K. V., Kulikovskii A. G., 1971, Soviet Physics
Doklady, 15, 791
Blaauw A., 1961, Bull. Astron. Inst. Netherlands, 15, 265
Bonnell I. A., Bate M. R., Clarke C. J., Pringle J. E., 2001a, MNRAS,
323, 785
Bonnell I. A., Clarke C. J., Bate M. R., Pringle J. E., 2001b, MNRAS,
324, 573
Bonnell I. A., Vine S. G., Bate M. R., 2004, MNRAS, 349, 735
Bovy J., 2016, preprint, (arXiv:1610.07610)
Brown D., Bomans D. J., 2005, A&A, 439, 183
Brownsberger S., Romani R. W., 2014, ApJ, 784, 154
Clark P. C., Bonnell I. A., Zinnecker H., Bate M. R., 2005, MNRAS,
359, 809
Comerón F., Pasquali A., 2007, A&A, 467, L23
Cox C., Lallo M., 2012, in Space Telescopes and Instrumentation 2012: Op-
tical, Infrared, and Millimeter Wave. p. 844237, doi:10.1117/12.924900
Cox C., Niemi S.-M., 2011, Technical report, Evaluation of a temperature-
based HST focus model. Space Telescope Science Institute
Cruz-González C., Recillas-Cruz E., Costero R., Peimbert M., Torres-
Peimbert S., 1974, Rev. Mex. Astron. Astrofis., 1, 211
Damiani F., et al., 2016, preprint, (arXiv:1604.01208)
Davidson K., Humphreys R. M., 1997, ARA&A, 35, 1
Dias W. S., Alessi B. S., Moitinho A., Lépine J. R. D., 2002, A&A, 389, 871
Efremov Y. N., Elmegreen B. G., 1998, MNRAS, 299, 588
Elias F., Alfaro E. J., Cabrera-Caño J., 2006, AJ, 132, 1052
Feast M., Whitelock P., 1997, MNRAS, 291, 683
Feigelson E. D., et al., 2011, ApJS, 194, 9
Fitzgerald M. P., Mehta S., 1987, MNRAS, 228, 545
France K., McCandliss S. R., Lupu R. E., 2007, ApJ, 655, 920
Fujii M. S., Portegies Zwart S., 2011, Science, 334, 1380
Gaczkowski B., Preibisch T., Ratzka T., Roccatagliata V., Ohlendorf H.,
Zinnecker H., 2013, A&A, 549, A67
Gagné M., et al., 2011, ApJS, 194, 5
Gaia Collaboration et al., 2016a, A&A, 595, A1
Gaia Collaboration et al., 2016b, A&A, 595, A2
García B., Malaroda S., Levato H., Morrell N., Grosso M., 1998, PASP,
110, 53
Gáspár A., Su K. Y. L., Rieke G. H., Balog Z., Kamp I., Martínez-Galarza
J. R., Stapelfeldt K., 2008, ApJ, 672, 974
Gies D. R., Bolton C. T., 1986, ApJS, 61, 419
Gvaramadze V. V., Bomans D. J., 2008, A&A, 490, 1071
Gvaramadze V. V., Kroupa P., Pflamm-Altenburg J., 2010, A&A, 519, A33
Gvaramadze V. V., Pflamm-Altenburg J., Kroupa P., 2011a, A&A, 525, A17
Gvaramadze V. V., Kniazev A. Y., Kroupa P., Oh S., 2011b, A&A, 535, A29
Gvaramadze V. V., Weidner C., Kroupa P., Pflamm-Altenburg J., 2012,
MNRAS, 424, 3037
Hills J. G., 1980, ApJ, 235, 986
Høg E., et al., 2000, A&A, 355, L27
Kaper L., van Loon J. T., Augusteijn T., Goudfrooij P., Patat F., Waters
L. B. F. M., Zijlstra A. A., 1997, ApJ, 475, L37
Kiminki M. M., Reiter M., Smith N., 2016, MNRAS, 463, 845
Kobulnicky H. A., Gilbert I. J., Kiminki D. C., 2010, ApJ, 710, 549
Kobulnicky H. A., et al., 2016, preprint, (arXiv:1609.02204)
Krist J. E., Hook R. N., Stoehr F., 2011, in Optical Modeling and Perfor-
mance Predictions V. p. 81270J, doi:10.1117/12.892762
Krumholz M. R., McKee C. F., Klein R. I., 2005, Nature, 438, 332
Krumholz M. R., Klein R. I., McKee C. F., Offner S. S. R., Cunningham
A. J., 2009, Science, 323, 754
Lada C. J., Lada E. A., 1991, in Janes K., ed., Astronomical Society of the
Pacific Conference Series Vol. 13, The Formation and Evolution of Star
Clusters. pp 3–22
Lada C. J., Lada E. A., 2003, ARA&A, 41, 57
Levato H., Malaroda S., Garcia B., Morrell N., Solivella G., 1990, ApJS,
72, 323
Lindegren L., et al., 2016, A&A, 595, A4
Mackey J., Gvaramadze V. V., Mohamed S., Langer N., 2015, A&A,
573, A10
Mackey J., Haworth T. J., Gvaramadze V. V., Mohamed S., Langer N., Har-
ries T. J., 2016, A&A, 586, A114
Mahmud N., Anderson J., 2008, PASP, 120, 907
Massey P., Johnson J., 1993, AJ, 105, 980
McKee C. F., Tan J. C., 2003, ApJ, 585, 850
Moffat A. F. J., et al., 1998, A&A, 331, 949
Moffat A. F. J., et al., 1999, A&A, 345, 321
Nelder J. A., Mead R., 1965, Computer Journal, 7, 308
Niemi S.-M., Lallo M., 2010, Technical report, Phase Retrieval to Moni-
tor HST Focus: II. Results Post-Servicing Mission 4. Space Telescope
Science Institute
Noriega-Crespo A., van Buren D., Dgani R., 1997, AJ, 113, 780
Ochsendorf B. B., Tielens A. G. G. M., 2015, A&A, 576, A2
Ochsendorf B. B., Cox N. L. J., Krijt S., Salgado F., Berné O., Bernard J. P.,
Kaper L., Tielens A. G. G. M., 2014a, A&A, 563, A65
Ochsendorf B. B., Verdolini S., Cox N. L. J., Berné O., Kaper L., Tielens
A. G. G. M., 2014b, A&A, 566, A75
Ochsendorf B. B., Brown A. G. A., Bally J., Tielens A. G. G. M., 2015,
ApJ, 808, 111
Oh S., Kroupa P., 2016, A&A, 590, A107
Patat F., Carraro G., 2001, MNRAS, 325, 1591
Penny L. R., Gies D. R., Hartkopf W. I., Mason B. D., Turner N. H., 1993,
PASP, 105, 588
Peri C. S., Benaglia P., Brookes D. P., Stevens I. R., Isequilla N. L., 2012,
A&A, 538, A108
Peri C. S., Benaglia P., Isequilla N. L., 2015, A&A, 578, A45
Pflamm-Altenburg J., Kroupa P., 2010, MNRAS, 404, 1564
Poveda A., Ruiz J., Allen C., 1967, Boletin de los Observatorios Tonantz-
intla y Tacubaya, 4, 86
Povich M. S., Benjamin R. A., Whitney B. A., Babler B. L., Indebetouw R.,
Meade M. R., Churchwell E., 2008, ApJ, 689, 242
Povich M. S., et al., 2011, ApJS, 194, 6
Preibisch T., et al., 2011, A&A, 530, A34
Press W. H., Teukolsky S. A., Vetterling W. T., Flannery B. P., 1992, Nu-
merical Recipes in C (2nd Ed.): The Art of Scientific Computing. Cam-
bridge University Press, New York, NY, USA
MNRAS 000, 1–13 (2017)
Proper motions of bow shock stars 13
Rebolledo D., et al., 2016, MNRAS, 456, 2406
Reed B. C., 2003, AJ, 125, 2531
Reiter M., Smith N., Kiminki M. M., Bally J., Anderson J., 2015a, MNRAS,
448, 3429
Reiter M., Smith N., Kiminki M. M., Bally J., 2015b, MNRAS, 450, 564
Schilbach E., Röser S., 2008, A&A, 489, 105
Schönrich R., Binney J., Dehnen W., 2010, MNRAS, 403, 1829
Sexton R. O., Povich M. S., Smith N., Babler B. L., Meade M. R., Rudolph
A. L., 2015, MNRAS, 446, 1047
Smith N., 2006a, MNRAS, 367, 763
Smith N., 2006b, ApJ, 644, 1151
Smith N., Brooks K. J., 2008, in Reipurth B., ed., , Handbook of Star Form-
ing Regions, Volume II. ASP, San Francisco, CA, p. 138
Smith N., Egan M. P., Carey S., Price S. D., Morse J. A., Price P. A., 2000,
ApJ, 532, L145
Smith N., Bally J., Walborn N. R., 2010a, MNRAS, 405, 1153
Smith N., et al., 2010b, MNRAS, 406, 952
Sohn S. T., Anderson J., van der Marel R. P., 2012, ApJ, 753, 7
Sota A., Maíz Apellániz J., Morrell N. I., Barbá R. H., Walborn N. R.,
Gamen R. C., Arias J. I., Alfaro E. J., 2014, ApJS, 211, 10
Stone R. C., 1991, AJ, 102, 333
Tetzlaff N., Neuhäuser R., Hohle M. M., 2011, MNRAS, 410, 190
Tutukov A. V., 1978, A&A, 70, 57
Vijapurkar J., Drilling J. S., 1993, ApJS, 89, 293
Walborn N. R., 1995, in Niemela V., Morrell N., Feinstein A., eds, Revista
Mexicana de Astronomia y Astrofisica Conference Series Vol. 2, Re-
vista Mexicana de Astronomia y Astrofisica Conference Series. p. 51
Walborn N. R., Hesser J. E., 1975, ApJ, 199, 535
Walborn N. R., et al., 2002a, AJ, 123, 2754
Walborn N. R., Danks A. C., Vieira G., Landsman W. B., 2002b, ApJS,
140, 407
Walborn N. R., Smith N., Howarth I. D., Vieira Kober G., Gull T. R., Morse
J. A., 2007, PASP, 119, 156
Wilkin F. P., 2000, ApJ, 532, 400
Winston E., Wolk S. J., Bourke T. L., Megeath S. T., Gutermuth R.,
Spitzbart B., 2012, ApJ, 744, 126
Wright N. J., Parker R. J., Goodwin S. P., Drake J. J., 2014, MNRAS,
438, 639
Wright N. J., Bouy H., Drew J. E., Sarro L. M., Bertin E., Cuillandre J.-C.,
Barrado D., 2016, MNRAS, 460, 2593
Wu Z.-Y., Zhou X., Ma J., Du C.-H., 2009, MNRAS, 399, 2146
Zacharias N., Finch C. T., Girard T. M., Henden A., Bartlett J. L., Monet
D. G., Zacharias M. I., 2013, AJ, 145, 44
Zinnecker H., 1982, Annals of the New York Academy of Sciences,
395, 226
deWitW. J., Testi L., Palla F., Vanzi L., Zinnecker H., 2004, A&A, 425, 937
de Wit W. J., Testi L., Palla F., Zinnecker H., 2005, A&A, 437, 247
di Nino D., Makidon R. B., Lallo M., Sahu K. C., Sirianni M., Casertano S.,
2008, Technical report, HST Focus Variations with Temperature. Space
Telescope Science Institute
van Buren D., McCray R., 1988, ApJ, 329, L93
van Buren D., Noriega-Crespo A., Dgani R., 1995, AJ, 110, 2914
This paper has been typeset from a TEX/LATEX file prepared by the author.
MNRAS 000, 1–13 (2017)
